The gene for gelsolin (an actin-binding, cytoskeletal regulatory protein) was shown earlier to be specialized for high corneal expression in adult zebrafish. We show here that zebrafish gelsolin is required for proper dorsalization during embryogenesis. Inhibition of gelsolin expression by injecting fertilized eggs with a specific morpholino oligonucleotide resulted in a range of concentration-dependent ventralized phenotypes, including those lacking a brain and eyes. These were rescued by coinjection of zebrafish gelsolin or chordin (a known dorsalizing agent) mRNAs, or human gelsolin protein. Moreover, injection of gelsolin mRNA or human gelsolin protein by itself dorsalized the developing embryos, often resulting in axis duplication. Injection of the gelsolinspecific morpholino oligonucleotide enhanced the expression of Vent mRNA, a ventral marker downstream of bone morphogenetic proteins, whereas injection of gelsolin mRNA enhanced the expression of chordin and goosecoid mRNAs, both dorsal markers. Our results indicate that gelsolin also modulates embryonic dorsal͞ ventral pattern formation in zebrafish.
The gene for gelsolin (an actin-binding, cytoskeletal regulatory protein) was shown earlier to be specialized for high corneal expression in adult zebrafish. We show here that zebrafish gelsolin is required for proper dorsalization during embryogenesis. Inhibition of gelsolin expression by injecting fertilized eggs with a specific morpholino oligonucleotide resulted in a range of concentration-dependent ventralized phenotypes, including those lacking a brain and eyes. These were rescued by coinjection of zebrafish gelsolin or chordin (a known dorsalizing agent) mRNAs, or human gelsolin protein. Moreover, injection of gelsolin mRNA or human gelsolin protein by itself dorsalized the developing embryos, often resulting in axis duplication. Injection of the gelsolinspecific morpholino oligonucleotide enhanced the expression of Vent mRNA, a ventral marker downstream of bone morphogenetic proteins, whereas injection of gelsolin mRNA enhanced the expression of chordin and goosecoid mRNAs, both dorsal markers. Our results indicate that gelsolin also modulates embryonic dorsal͞ ventral pattern formation in zebrafish.
G elsolin comprises Ϸ50% of the water-soluble protein of the adult zebrafish cornea and has been considered as a corneal ''crystallin'' (1). More typically, gelsolin, an actin-severing cytoskeleton regulatory protein modulated by calcium and polyphosphoinositolphospholipids (2) (3) (4) (5) , is expressed in many tissues in lower amounts and has been implicated in multiple roles such as cell motility, signaling, apoptosis, and cancer (see ref. 3) . Various developmental functions of gelsolin include morphogenesis in ascidians (6) , gelation and contractility of early embryonic cells in Xenopus (7), retinal and neuronal morphogenesis (8, 9) , skeletogenesis (10), mammary gland ductal morphogenesis (11) , and erythropoiesis (12) in mammals. A gelsolin-like protein in Dictyostelium is essential in phototactic migration (13) .
In humans, alternative splicing of a single gene accounts for a cytoplasmic and a secreted plasma gelsolin that carries an additional amino-terminal extension of 23 aa. Both forms of gelsolin are expressed in most adult tissues (14). Nucleotide substitution of G654 to A654 (15) gives rise to Finnish type familial amyloidosis (FAF), an autosomal-dominant disease characterized by corneal lattice dystrophy, skin changes, renal complications, and a cranial neuropathy that affects the cranial nerves in particular (16) . In the developing rat brain, initial low levels of gelsolin precede increased expression around day 10 followed by a subsequent decrease near day 30, suggesting a functional role for gelsolin in early brain development (17) . Cultured cells lacking gelsolin show reduced motility, whereas overexpression of gelsolin increases cell movement (18, 19) .
In the present study, we show that gelsolin is differentially expressed during zebrafish development, already starting by the two-cell stage, before accumulating in the mature cornea. Furthermore, microinjection experiments using a gelsolin morpholino oligonucleotide (MO), gelsolin and chordin mRNAs, and human gelsolin protein indicated that gelsolin is required for dorsoventral patterning in zebrafish embryos. The morphological results were supported by in situ hybridization showing altered expression of dorsal [chordin (20) and goosecoid (21) ] and ventral [Vent (22, 23) ] markers in the microinjected embryos. Our findings provide evidence for a signaling role for gelsolin during embryogenesis and are consistent with the idea that abundant corneal proteins, like lens crystallins, may have multiple functions depending on their expression (24, 25) .
Materials and Methods
Zebrafish. WT zebrafish were maintained as described by Westerfield (26) . Embryos were obtained by natural matings.
Antisense MOs. Gelsolin MO (5Ј-CTGGAACTCCTTGT-GAAAAACCATG-3Ј), an antisense sequence spanning Ϫ1 to ϩ24 of the translational start site, control MO (5Ј-TAC-CAAAAAGTGTTCCTCAAGGTC-3Ј), the reverse of the gelsolin MO, and chordin MO (custom-made by the manufacturer) were purchased from Gene Tools LLC (Philomath, OR). The MOs were dissolved in water at a concentration of 4 mM and were diluted in 1ϫ Danieu's buffer (27) before injection.
In Vitro Synthesis of mRNAs for Microinjection. Gelsolin cDNA was constructed in pCS2 vector (BamHI͞EcoRI sites). Zebrafish chordin in pCS2 vector was a gift from Marnie Halpern (Carnegie Institute of Washington, Baltimore). Capped synthetic mRNAs were prepared by using the SP6 mMESSAGE mMACHINE kit (Ambion, Austin, TX).
Microinjection. MOs and mRNAs were injected into the yolk mass of the one-to two-cell embryos. Postinjection (4 h), damaged embryos were sorted out and the rest were allowed to grow at 28°C for further observation.
SDS͞PAGE.
Embryo extracts were first immunoprecipitated with a rabbit polyclonal antibody raised against zebrafish gelsolin (1) . The immunoblot of the proteins separated by SDS͞10% PAGE was then probed with the same antibody. Immunoprecipitation was necessary because of the presence of an excessive amount of yolk lipovitellin polypeptide, which has a mobility (Ϸ80 kDa) similar to that of gelsolin and crossreacts nonspecifically with the gelsolin antibody. Each lane was loaded with the immunoprecipitates of 20 embryos. The antibody was raised against a synthetic peptide composed of the amino-terminal 17 aa of the zebrafish-derived gelsolin-related protein (Research Genetics, Huntsville, AL), and was affinity-purified by standard methods. The rabbit horseradish peroxidase-coupled secondary antibody was obtained from Jackson ImmunoResearch. After SDS͞ PAGE, the separated proteins were blotted onto nitrocellulose membranes (NOVEX, San Diego), blocked with 3% (wt͞vol) BSA in TBS, and were incubated with the primary antibody (1:1,000 in TBS) for 1 h at room temperature. After three washes in TBS, pH 7.5, for 5 min each time, the membranes were incubated with the second antibody (1:10,000 in TBS) at room temperature and were developed by using a chemiluminescence kit (Roche Molecular Biochemicals). Densitometric analyses of the Western blot signals were performed by using the CHEMIIMAGER Version 5.5 program (Alpha Innotech, San Leandro, CA).
In Situ Hybridization of Zebrafish Embryos. In situ hybridization of whole embryos by using the in vitro-transcribed, digoxigeninlabeled riboprobe (Roche Molecular Biochemicals) was performed by following the protocol described by Westerfield (26) .
The plasmid, pPCR-Script Amp (Stratagene) containing the 5Ј region of the gelsolin cDNA (1), was used as the template for T3 RNA polymerase-mediated sense probe and T7 RNA polymerase-mediated antisense probe synthesis. For histological analysis, the hatching-stage embryos were embedded in OCT compound, quick-frozen on dry ice, sectioned (8 m), placed on poly-L-lysine-coated slides, and processed for color detection following the manufacturer's (Roche Molecular Biochemicals) protocol.
Results

Differential Expression of Gelsolin mRNA During Embryogenesis.
Gelsolin in adult zebrafish is highly expressed in the adult cornea. Here we explore the possibility that gelsolin plays a role in zebrafish development. The developmental spatiotemporal expression pattern of gelsolin mRNA was examined by in situ hybridization using a riboprobe derived from a 1.5-kb 5Ј fragment of the gelsolin cDNA (ref. 1; Fig. 1) . A ubiquitous hybridization signal was obtained at the two-cell (Fig. 1a) , four-cell (Fig. 1c) , and blastula (Fig. 1e) stages by using the antisense gelsolin riboprobe. A sense probe was used as the control to show hybridization signals in the two-cell (Fig. 1b) and four-cell (Fig. 1d) stages. At the late-gastrula stage of development, the neural plate stained positive (Fig. 1f ) , and at 22 h postfertilization (hpf), there was a transient signal in the forebrain and hindbrain (Fig. 1g) . Strong expression was confined to the eyes, the rostral epithelium, and the olfactory regions at hatching (Fig. 1h) . Although gelsolin mRNA was not detected in lens by in situ hybridization (Fig. 1j) , our previous study demonstrated weak gelsolin protein expression in lens (1) . The cornea of the hatching-stage embryo showed abundant gelsolin mRNA expression (Fig. 1j) . The sense probe did not show any positive hybridization signal in the cornea or lens (Fig. 1i) . RT-PCR tests confirmed the presence of gelsolin transcripts before (512-cell stage, maternal transcripts) and after the onset of postzygotic transcription (Fig. 1k) . Although Western blot analysis did not detect gelsolin in unfertilized eggs, fertilized eggs, and four-cell stage embryos (data not shown), it was detected in the gastrulae 8 hpf (Fig. 2e) .
Gelsolin Knockdown and Overexpression Experiments. We next carried out loss-of-function experiments by injecting a MO (27) designed specifically against the 5Ј end of the corneal gelsolin mRNA into the one-to two-cell embryos (Fig. 2) . Injection of MO at 2.5 ng per embryo (ng͞E) resulted in ventralized embryos (85%, n ϭ 250). Seventy percent of the embryos had severely reduced head structures, including the brain and eyes (Fig. 2 b  and h ), and were categorized as strong phenotypes. An additional 15% of the hatched embryos developed slowly, were small, and resembled the ones that received 1 ng of gelsolin MO (Fig.  2d) ; these were categorized as weak phenotypes. Embryos injected with only 1 ng͞E hatched (84%, n ϭ 160) but were weakly ventralized, showed poor eye development, and were less pigmented in the body and eyes (Fig. 2d) than their control counterparts (Fig. 2c) . On average, in the different tests, Ϸ64% of the affected embryos were rescued from the ventralized characteristics after coinjection with 2.5 ng of gelsolin MO and 4 ng of human plasma gelsolin protein (Cystoskeleton, Denver; Fig. 2m ), or 50 pg of gelsolin mRNA ( Fig. 2n ; n ϭ 80 for each experiment). The criteria for rescue were morphology of the embryos. Control injections included the vehicle, the Daneau buffer (n ϭ 200), BSA at 4 ng͞E (n ϭ 75), and control MO at 1.0 ng͞E (n ϭ 142) and 2.5 ng͞E (n ϭ 120). All controls showed normal development.
Scans of the immunoblots indicated that MO at 1 and 2.5 ng͞E decreased gelsolin protein expression 3-and 5-fold, respectively, 8 h after injection (Fig. 2e) . By contrast, immunoblots using an antibody against human ␤-actin (catalog no. sc 1616, Santa Cruz Biotechnology) that crossreacts with zebrafish actin showed no change in actin content in the crude extracts of the embryos injected with gelsolin MO. A summary of our results on the effect of the different concentrations of injected gelsolin MO on embryonic phenotypes is given in Fig. 2f .
Injection of gelsolin mRNA by itself resulted in dorsalized phenotypes ( Fig. 2 i and j) . At 5 pg͞E gelsolin mRNA, the embryos were phenotypically indistinguishable from the control MO-or control transcript-injected embryos (Fig. 2 a and g) . Unexpectedly, at 50 pg͞E gelsolin mRNA, many embryos (60%, n ϭ 240) were dorsalized ( Fig. 2i ) and posterior axial duplication was observed in 20% (48 of 240) of the cases (Fig. 2j ). Embryos injected with 4 ng͞E human plasma gelsolin protein were also dorsalized (80%, n ϭ 77) and 30% of the dorsalized embryos showed anterior axis duplication (Fig. 2k) . Histological staining revealed the dual axes with separate notochords; an optic cup was distinct in one of the heads in the section shown in Fig. 2l . The small differences in the histological appearance of the two axes may be accounted for by the plane of sectioning and slight differences in the developmental rate of the two axes.
Evidence That Gelsolin Modulates the Bone Morphogenetic Protein
(BMP) Signaling Pathway. Our results suggest that gelsolin modulates certain BMP signaling pathways that are known to affect development of the dorsal͞ventral axis (see refs. 28-30 and Fig.  3k ). To provide evidence for this interpretation, we coinjected the gelsolin MO with the mRNA for chordin, an antagonist of BMP4 of the transforming growth factor-␤ (TGF-␤) superfamily (31) . Chordin mRNA, as gelsolin mRNA, rescued 70% of the gelsolin MO-injected embryos (n ϭ 110; Fig. 2o) , consistent with the possibility that the effect of gelsolin is similar to that of chordin, i.e., both can antagonize ventralization of the embryos.
Mutations that delete (20) or inactivate (28) chordin ventralize zebrafish embryos. Members of the BMP family, a subclass of the TGF-␤ superfamily (29, 30) , induce ventral fates. Vent and Vox, two downstream components of the BMP signaling pathway, repress the transcription of dorsal markers, chordin and goosecoid, in zebrafish (refs. 22, 23, 32 , and 33; see Fig. 3k ). We thus explored the effect of gelsolin on the expression of chordin mRNA and goosecoid mRNA (Fig. 3) . Whether gelsolin knockdown also enhances BMP signaling to ventralize the embryos was examined by monitoring Vent expression (Fig. 3) . In situ hybridization showed that embryos injected with gelsolin mRNA up-regulated chordin (Fig. 3d) and goosecoid (Fig. 3h) transcripts. Conversely, gelsolin MO-injected embryos had lower intensity hybridization signals for chordin (Fig. 3 b and c) and goosecoid ( Fig. 3 f and g ) transcripts than did the control MO-injected embryos (Fig. 3 a and e) . Moreover, Vent mRNA was increased on the dorsal side of the gelsolin MO-injected embryo (Fig. 3j ) compared with the control embryo (Fig. 3i) . Although not clear in Fig. 3 i and j, no change was observed in Vent expression in the ventral region of the gelsolin MO-injected embryos. These data suggest that gelsolin is upstream of chordin regulating the dorsal͞ventral pattern of development (Fig. 3) . This interpretation is supported by the fact that coinjection of chordin mRNA rescued the ventral phenotype induced by gelsolin MO (Fig. 2o) , whereas coinjection of gelsolin mRNA did not rescue the ventral phenotype induced by chordin MO (3.0 ng of chordin MO plus 50 pg of gelsolin mRNA; n ϭ 70; data not shown).
Discussion
The present results implicate gelsolin in modulating dorsal͞ ventral patterning during zebrafish development and suggest that it operates through the BMP signaling pathway. We cannot, however, eliminate the possibility that the Wnt-␤-catenin pathway is also affected by gelsolin (34) . The present evidence favors the idea that the ventralized͞dorsalized phenotypes we obtained are cell-autonomous for the following reasons. First, the gelsolin MO used was derived from the 5Ј end of gelsolin cDNA obtained from the corneal mRNA (1), which encodes the intracellular, nonsecreted form of gelsolin (14). Secreted gelsolin has a different amino-terminal sequence and its expression would not be targeted by the MO we used. Thus, it is extremely unlikely that the signaling gelsolin leaves the injected cells. Second, we injected zebrafish gelsolin mRNA encoding the intracellular form of the protein. Finally, we did not obtain any phenotypes when gelsolin mRNA was injected into a single blastomere at the eight-cell or later stages. This result is consistent with a cellautonomous effect.
In contrast to the developmental gelsolin phenotypes in zebrafish, gelsolin-null mice show reduced cell motility and wound-healing ability (19) . One possible explanation for this difference between zebrafish and mice is that the former has at least two gelsolin genes rather than the single-copy gelsolin gene of mice (35) . This duplication may permit the gelsolin that accumulates in the cornea to subspecialize for a developmental role in zebrafish. Another consideration is that a functionally redundant pathway rescues the gelsolin-null mice, a possibility consistent with the numerous known actin-binding proteins. Although further analysis is required, it is possible that the gelsolin-related phenotypes we have observed in the present study are connected to interference with cell motility during axis formation. Finally, despite the absence of a marked developmental phenotype, gelsolin-null mice and the gelsolin-reduced zebrafish reported here may show similarities in that excessive bone growth occurs in aging mice that are lacking the gelsolin gene (10), consistent with deregulation of BMP signaling.
Although the present results do not explain the reason for the extreme abundance of gelsolin in the cornea of adult zebrafish (Ϸ50% of the water-soluble protein; ref. 1), they do suggest that zebrafish gelsolin has at least two separate functions, a structural role in the cornea, and a regulatory role during development; we cannot rule out that these apparently different biological roles have mechanistic similarities. Nonetheless, our data indicating a developmental signaling role for gelsolin in the zebrafish add to the similarity between this abundant corneal protein and the multifunctional crystallins in the lens (36, 37) . Both accumulate to exceedingly high levels in their respective transparent tissues that cooperate for refraction in the eye, and both play nonrefractive roles at lower concentrations in nonocular tissues. Our data thus support the idea that the abundant intracellular water-soluble corneal proteins, such as gelsolin in the zebrafish, and lens crystallins are multifunctional proteins that have evolved by a gene-sharing strategy (24, 25) .
